Introduction
============

Maternal inflammation during pregnancy has been associated with neurodevelopmental disorders in children including autism, schizophrenia and cerebral palsy ([@awr237-B36]; [@awr237-B41]; [@awr237-B40]; [@awr237-B3]). This has been supported by a large body of animal experiments that have revealed a link between maternal inflammation and altered behavioural outcomes in the offspring ([@awr237-B12], [@awr237-B13]; [@awr237-B46]; [@awr237-B29]; [@awr237-B35]; [@awr237-B17]; [@awr237-B49]). However, the mechanism by which maternal inflammation can affect foetal brain development is uncertain.

Perinatal inflammation has been shown to produce a spectrum of long-term behavioural changes in rodents. The most commonly reported outcome is an impaired sensorimotor gaiting (prepulse inhibition; [@awr237-B46]; [@awr237-B28], [@awr237-B29]; [@awr237-B39]; [@awr237-B15]), while other behavioural changes include increased anxiety-like behaviour ([@awr237-B22]), motor ([@awr237-B17]) and cognitive deficits such as altered learning and memory ([@awr237-B19]; [@awr237-B28]) and exploratory behaviour ([@awr237-B28], [@awr237-B29]). [@awr237-B29] have shown that the nature of the behavioural alteration is dependent on when the challenge occurs within the normal developmental timetable.

In rodents, cortical neurogenesis occurs in the final week of the 3-week gestational period, which is approximately equivalent to middle of the first to middle of the second trimester (50--100 days) in humans ([@awr237-B44]; [@awr237-B5], [@awr237-B6]). This period of development corresponds to a critical window for major human neurodevelopmental disorders ([@awr237-B44]; [@awr237-B45]; [@awr237-B41]). There are few studies examining the consequences of an inflammatory insult on cortical development, with the majority focused either at the beginning or end of neurogenesis and examining long-term outcomes ([@awr237-B12]; [@awr237-B29]). Within the period of neurogenesis the correct proliferation, migration and subsequent differentiation of cells produced in the ventricular zone of the neocortex are essential for normal brain development and later cognitive function ([@awr237-B43]; [@awr237-B42]; [@awr237-B51]).

Our study sought to examine the effect of maternal inflammation on proliferation in the developing neocortex as a potential contributor to long-term neurological and behavioural disorders. The results show for the first time that structural alterations in the foetal brain occur at the time of maternal inflammation and that structural changes persist into the post-natal period. These changes in forebrain development are likely to contribute to long-term neurological disorders in the offspring.

Materials and methods
=====================

Animal model and tissue preparation
-----------------------------------

Inflammation was induced by an intraperitoneal injection of 10 or 500 µg/kg lipopolysaccharide (*E. coli* 055:B5, Sigma-Aldrich) to female C57BL/6 mice at embryonic Day 13.5. Time-matched control animals were injected with an equal volume of saline (10 µl/g body weight). A subgroup of animals was injected intraperitoneally with 5-bromo-2-dioxyuridine (bromodeoxyuridine 100 mg/kg, Sigma) 2 h following lipopolysaccharide or saline injection. Animals were killed via cervical dislocation (dams) or decapitation (foetuses), 8 (embryonic Day 14) or 48 h (embryonic Day 15.5) after lipopolysaccharide or saline injection. Some animals were left until post-natal Day 8 and were perfusion fixed under terminal anaesthesia with saline followed by 4% paraformaldehyde (in 0.1 M phosphate buffer, pH 7.4). Animals kept to embryonic Day 15 or post-natal Day 8 received the 10 μg/kg dose of lipopolysaccharide. All animal procedures were conducted in accordance with institutional ethical guidelines and with UK Home Office approval (licence number 30/2524).

Tissue from foetal and post-natal Day 8 animals was fixed by immersion in 4% paraformaldehyde or Bouin\'s solution (Sigma-Aldrich). Paraformaldehyde-fixed tissue was embedded in 5% agar (Bioline, in phosphate-buffered saline) and 50 -µm thick sections were cut using a vibrating blade microtome (VT1000S, Leica). Bouin\'s fixed sections were washed and dehydrated through increasing concentrations of ethanol and Histoclear (National diagnostics) before being embedded in paraffin. Coronal sections of 10 µm thickness were cut with a Reichert-Jung microtome. Fresh cortical tissue was collected from littermates for RNA extraction. Surface blood vessels were removed from the cortical hemispheres and tissue was stored in RNAlater® (Invitrogen) before RNA extraction using a TRIzol® protocol (Invitrogen).

Immunohistochemistry
--------------------

To visualize bromodeoxyuridine, agar-embedded sections were treated with 1 M HCl at 40°C. They were washed in phosphate-buffered saline and Fc binding sites were blocked with 2% normal horse serum (in phosphate-buffered saline with 0.3% Triton X-100, Sigma) before incubation overnight in primary antibodies at 4°C. Proliferating cells were detected using mouse anti-bromodeoxyuridine primary antibodies (S Phase, 1 : 100, Progen) or rabbit anti-phospho-Histone H3 (pH3, M phase, 1 : 250, Abcam). Goat anti-mouse IgG-Alexa 488 or goat anti-rabbit IgG-Alexa 546 secondary antibodies (1 : 100, Abcam) were used to reveal the primary antibodies, respectively, and sections were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (1 : 1000 in phosphate-buffered saline). Control sections were stained without the addition of the primary antibody and showed no positive immunostaining (data not shown).

For paraffin immunohistochemistry, slides were heated to 65°C before being cleared and rehydrated. Sections were blocked in 1% H~2~O~2~ in phosphate-buffered saline--Tween-20 and then blocked in 5% normal horse serum in phosphate-buffered saline--Tween-20. Sections were incubated in primary antibodies in 1% horse serum in phosphate-buffered saline--Tween-20 overnight. Biotinylated secondary antibodies (goat anti-rabbit or goat anti-mouse, 1 : 100, Abcam) and horseradish peroxidase--streptavidin (Vector, 1 : 100) were used to reveal the immunoreaction. The reaction product was developed with diaminobenzidene. Primary rabbit antibodies against pH3 (as above), active caspase 3 (1:100, Abcam), and whole mouse serum (1 : 3000, Sigma-Aldrich) were used. Mouse antibodies to acetylated tubulin (1 : 200, Sigma) were used to detect radial progenitors, and antibodies against β-catenin (1 : 500; Abcam), claudin-5 and occludin (1 : 100, Zymed-Invitrogen) to assess junction structure were also employed. Pax6 (ventricular zone, 1 : 100, Covance) and Tbr2 (subventricular zone, 1 : 200, Abcam) antibodies were used to assess the proliferative zones at embryonic Day 15 and NeuN (pan-neuronal marker, 1 : 250, Chemicon), C~2~H~2~ zinc finger protein 2 (CTIP2) (Layer V, 1 : 400, Abcam) and RAR-related orphan receptor (ROR) (Layer IV, 1 : 200, R&D Systems) antibodies stained neuronal populations at post-natal Day 8.

Analysis of proliferating cells
-------------------------------

Sections were photographed using a Leica DMR microscope and DFC 500 camera or imaged with Zeiss LSM710 confocal microscope. Cells were counted from images using UTHSCSA ImageTool. Paraffin sections from the level of the intraventricular foramina containing a sector of the putative primary somatosensory cortex were selected (equivalent to Bregma −0.4 in the adult brain). All proliferating cells in the cortex, both ventricular and subventricular zones, were counted for each hemisphere and the average number of cells per hemisphere was calculated from three to six sections per brain, two to three brains per litter and four litters per treatment. All analysis was performed blind. Confocal images across the entire depth of the cortex stained for bromodeoxyuridine were divided into five zones of 50 µm spanning from the ventricular to pial surface within a 200 -µm wide sector. All positively stained cells were counted in each zone for each image taken with ×40 objective, from two sections per brain, two brains per litter and four litters per treatment.

Cells undergoing mitosis at the ventricular surface were also examined in haematoxylin and eosin-stained sections. All cells that were in anaphase in the dorsal cortex were photographed (from three sections per brain, [Fig. 2](#awr237-F2){ref-type="fig"}H) and assessed for their angle of division in comparison with the ventricular surface using the UTHSCSA ImageTool ([Fig. 2](#awr237-F2){ref-type="fig"}H). Data were separated into six groups based on the angle of mitosis (e.g. Group 1, 75--90°) and the proportion of cells was calculated for each brain ([@awr237-B4]). Data were averaged from one to two animals per litter and a minimum of three litters were used per treatment.

Cell death
----------

The presence of dying cells was examined using TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labelling) staining in 50-µm thick vibratome sections. Sections were mounted on glass slides and air dried for 30 min, followed by dehydration and rehydration fixation in isopropanol. Sections were pre-treated with DNaseI buffer (Roche), and the positive control sections were treated with DNaseI (Roche) for 20 min at 37°C. Sections were incubated with the TUNEL reagent (Roche) at 37°C for 30 min before being counterstained with DAPI.

In parallel experiments, paraffin-embedded tissue sections were stained for the presence of the active caspase-3 protein using standard immunohistochemistry techniques as described above. Sections from at least two brains from three litters per treatment group were examined for cell death using a ×40 objective on a Leica DMR microscope.

Quantitative reverse transcription polymerase chain reaction
------------------------------------------------------------

For the evaluation of Cyclin E1 expression, a cell cycle regulator, messenger RNA (500 ng per reaction) from foetal brains was converted to complementary DNA using SuperScript® III reverse transcriptase (Invitrogen) and thermal cycles of 5 min at 25°C, 60 min at 50°C, 25 min at 70°C. Quantitative reverse transcription polymerase chain reaction was conducted with a LightCycler® 480, using Roche Universal ProbeLibrary probes and LightCycler® mastermix (Roche). Primers are listed from 5′ to 3′; Cyclin E1 forward: TTCTGCAGCGTCATCCTCT; reverse: TGGAGCTTATAGACTTCGCACA; β-actin forward: CTAAGGCCAACCGTGAAAAG; reverse: ACCAGAGGCATACAGGGACA. Samples were compared with an internal standard curve and β-actin expression for the same sample and are expressed as fold change compared with control brain values (*n = *7 saline, *n = *4 lipopolysaccharide, taken from three litters per treatment).

Proliferative zones at embryonic Day 15
---------------------------------------

Paraffin sections from the region of the intraventricular foramina were selected and were photographed using a Leica DMR microscope and DFC 500 camera. The area of immunoreactivity was assessed from images using UTHSCSA ImageTool. Lateral and medial columns (75 μm wide from ventricular to pial surfaces) were selected for measurements from each hemisphere and the average proportion of cortical stain per brain was calculated from two sections per brain, two to three brains per litter and three to four litters per treatment.

Cortical layering at post-natal Day 8
-------------------------------------

Sections from the region of the intraventricular foramina were selected and stained with neuronal subpopulation antibodies as described above. Each cerebral hemisphere was photographed and a 405 -μm wide column was selected from S1, including the whole cortex from the white matter/grey matter boundary to the pial surface. The numbers of immunopositive cells were counted in the CTIP2- and ROR-stained sections using UTHSCSA ImageTool and the location of staining was compared with the whole cortical population from adjacent NeuN-stained sections. Two columns were counted from one to two brains per litter, three to four litters per treatment.

Data analysis
-------------

Data are presented as mean ± standard error of the mean (SEM). Unless otherwise stated, statistical comparisons are made between control (saline) and lipopolysaccharide- (10 µg/kg dose) treated animals using Student\'s *t*-test. Differences between means were considered statistically significant at *P* ≤ 0.05.

Results
=======

Proliferation and cell death
----------------------------

The results presented here are for animals treated with saline or 10 µg/kg lipopolysaccharide, unless otherwise stated. At embryonic Day 14 (embryonic Day 13.5 plus 8 h) the ventricular zone of the entire dorsal cortex of saline-treated animals had an average of 171 ± 18 pH3 immunopositive cells per section at the level of the intraventricular foramina, and in the subventricular zone there was an average of 31 ± 4 cells ([Fig. 1](#awr237-F1){ref-type="fig"}). In the cortical ventricular zone of foetuses from treated dams, there was a significant decrease in the number of pH3-positive cells, which fell from 171 ± 18 to 92 ± 26 cells (*P = *0.047, [Fig. 1](#awr237-F1){ref-type="fig"}C and D). In the subventricular zone, a smaller number of mitotic cells (18 ± 5 in the dorsal cortex per section) was also detected, but this was not statistically significant compared with control numbers (*P = *0.1). These results indicate that at 8 h following maternal-induced inflammation there is a reduction in mitosis in the foetal cortex ([Fig. 1](#awr237-F1){ref-type="fig"}). Figure 1Comparison of the phospho-Histone H3 (pH3)-positive proliferating cells in the ventricular zone (VZ) and in the subventricular zone (SVZ, arrowhead in **A**) in saline- and lipopolysaccharide- (10 µg/kg) treated embryonic Day 13.5 animals at 8 h following injection (embryonic Day 14). In brains from lipopolysaccharide-treated dams fewer pH3 cells are observed (**C**) compared with saline-treated animals (**B**, higher magnification of boxed region in **A**). This difference was significantly different for the ventricular zone (**D**). Scale bar: **A** = 500 µm; **B**, **C** = 50 µm. \**P* \< 0.05.

For embryonic Day 13.5 mice injected with lipopolysaccharide, followed by bromodeoxyuridine injection 2 h later and examined 8 h following lipopolysaccharide injection, an average of 92 ± 8 cells were labelled with bromodeoxyuridine per section in the dorsal ventricular zone of control animals and there were fewer positively labelled cells in lipopolysaccharide-treated animals (65 ± 3, *P = *0.004, [Fig. 2](#awr237-F2){ref-type="fig"}). When the distance between the nucleus and the ventricular surface was determined, 60% of cells were found to lie within 50 µm of the ventricular surface in control animals, compared with 67% of cells from lipopolysaccharide-treated animals. This resulted in significantly fewer labelled nuclei in the deep portion of the ventricular zone in the lipopolysaccharide-treated animals, 21 ± 1 compared with 35 ± 4 in control animals (*P = *0.003, [Fig. 2](#awr237-F2){ref-type="fig"}A, D and G). Therefore, significantly fewer cells had entered the synthesis phase of cell division in the foetal cortex during the early phases of maternal inflammation. However, those cells undergoing synthesis appear to have faster interkinetic migration prior to mitosis. This is reflected in the percentage of cells that were pH3/bromodeoxyuridine positive ([Fig. 2](#awr237-F2){ref-type="fig"}). In saline-treated animals, 87 ± 8% of the mitotic cells (pH3 positive) were also bromodeoxyuridine positive, and in the lipopolysaccharide-treated animals 95 ± 3% of the mitotic cells were double labelled ([Fig. 2](#awr237-F2){ref-type="fig"}B, C, E and F). Most mitotic cells in both the saline- and lipopolysaccharide-treated animals went through mitosis with a cleavage plane near vertical (75--90°). However, the proportion of cells in this group was significantly reduced in lipopolysaccharide-treated animals (62 ± 5% in controls, 47 ± 7% in lipopolysaccharide, *P = *0.05, [Fig. 2](#awr237-F2){ref-type="fig"}H), which reflected a general increase in cells with an angle of mitosis \<60°. There was also a decrease in the expression of cyclin E1 in the cortex of foetuses from lipopolysaccharide-treated animals compared with controls, 6.5 ± 1.8 U (relative to β-actin) in saline-treated animals compared with 2.5 ± 0.9 U for lipopolysaccharide-treated animals, but this difference did not reach statistical significance (*P = *0.15).

No TUNEL ([Fig. 3](#awr237-F3){ref-type="fig"}A and B) or activated caspase-3-positive cells ([Fig. 3](#awr237-F3){ref-type="fig"}C and D) were observed in the cortex of saline or either 10 µg or 500 µg/kg lipopolysaccharide-treated foetuses 8 h following treatment, indicating that the decrease in pH3-positive cells was not due to cell death following induction of inflammation in the dam. Figure 2Comparison of bromodeoxyuridine (BrdU) uptake, pH3 immunoreactivity and mitotic cleavage phase between saline- and lipopolysaccharide- (10 µg/kg) treated animals in embryonic Day 13.5 mice at 8 h post injection. In control animals, bromodeoxyuridine-labelled cells (green, **A**, **C**) were found in the ventricular zone (VZ) and subventricular zone (SVZ). A number of the bromodeoxyuridine-positive cells co-labelled with pH3 at the ventricular surface (red, **B**, **C**). In lipopolysaccharide-treated animals, fewer bromodeoxyuridine- and pH3-positive cells were observed compared with controls, but a higher proportion of pH3-positive cells co-labelled with bromodeoxyuridine (**D--G**), arrows indicate double-labelled cells. (**H**) Angle of mitotic (anaphase) cleavage was assessed from haematoxylin and eosin-stained sections as shown. There was a significant decrease in the number of cells with a cleavage plane between 75° and 90° in lipopolysaccharide-treated animals compared with controls, with a proportional increase in numbers of cells with an angle \<60°. Scale bar = 50 µm. \*\**P* \< 0.005. LPS = lipopolysaccharide. Figure 3No TUNEL or active caspase 3-positive cells were observed in either saline- or lipopolysaccharide-treated brains at embryonic Day 14. In TUNEL-stained tissue, only non-specific fluorescence of red blood cells within the blood vessels can be seen (**A**, **B**), compared with the DNaseI-treated positive control (insert in **B**). In active caspase 3-stained tissue, no immunoreactivity can be observed (**C**, **D**). Insert in **D** indicates active caspase 3-positive cells in control post-natal Day 8 tissue, indicating normal developmental cell death. Scale bar = 50 µm.

Plasma protein uptake
---------------------

The majority of proteins in the CSF (e.g. albumin) are plasma proteins found in the blood that are transferred into the CSF across the blood--CSF barrier by a specific and developmentally regulated transport mechanism ([@awr237-B9]; [@awr237-B20]; [@awr237-B25], [@awr237-B26]). Apart from fetuin in the early cortical plate ([@awr237-B10]) and several plasma proteins in the ventricular zone ([@awr237-B11]) of the developing brain that are transferred across the choroid plexus and taken up into these cells, plasma proteins are not normally detected in the brain parenchyma by immunohistochemistry. Presence of these proteins in the brain typically reflects altered blood--brain or blood--CSF barrier permeability ([@awr237-B48]). In foetal brains from saline-injected animals (embryonic Day 14), plasma protein immunoreactivity was observed within the CSF, in the meninges at the surface of the brain, and the cerebral blood vessels ([Fig. 4](#awr237-F4){ref-type="fig"}A). In the brains of embryonic Day 13.5 foetuses from lipopolysaccharide-treated dams 8 h after injection, plasma protein immunoreactivity was similarly observed in all of these locations, but was also found within some cells at the ventricular surface ([Fig. 4](#awr237-F4){ref-type="fig"}B--D). While only a small number of plasma protein-positive cells (an average of 14 ± 5 per section) were observed in brains from 10 µg/kg lipopolysaccharide-treated animals; this was significantly greater than the number of plasma protein-positive cells identified on the ventricular surface in control brains (1 ± 1 per section, *P = *0.04). In the high-dose lipopolysaccharide treatment (500 µg/kg) at embryonic Day 14, the number of plasma protein-positive cells within the ventricular zone was even higher (compare [Fig. 4](#awr237-F4){ref-type="fig"}B and C). Cells that were positive for plasma proteins were confirmed to be radial progenitor cells by co-localization with acetylated tubulin ([Fig. 4](#awr237-F4){ref-type="fig"}D--F). There was disruption in the organization of the radial progenitors at the ventricular surface, particularly their projections towards the pial surface. This varied in degrees between animals (compare [Fig. 4H1](#awr237-F4){ref-type="fig"} and H2) and appeared to be dose dependent, as changes were most prominent in the high-dose lipopolysaccharide-treated animals ([Fig. 4](#awr237-F4){ref-type="fig"}I). Figure 4Comparison of plasma protein uptake by radial progenitor cells at the ventricular surface in saline- and lipopolysaccharide-treated tissue at embryonic Day 14. Plasma protein immunoreactivity was only observed in the blood vessels, CSF and meninges in brains from saline-exposed foetuses (**A**). In foetal brains from dams exposed to lipopolysaccharide (LPS, 10 µg/kg), there was no change in the permeability of the blood--brain barrier in vessels in the cortex to the plasma protein, but protein-positive cells were observed at the ventricular surface; these were much more frequent in the higher dose lipopolysaccharide animals (**B**, **C**). The plasma protein immunoreactivity co-localized with acetylated tubulin (**D--F**), which stains the radial progenitor cells in the ventricular zone. Acetylated tubulin-positive radial progenitor cells were reduced in number in lipopolysaccharide-treated animals compared with controls, an effect that was variable between litters (H1 compared with H2) much greater at the higher dose (**G--I**). Scale bar: **A--C**, **G--I** = 50 µm; **D--F** = 10 µm. Arrow heads in **B** indicate plasma protein positive cells. Arrow heads in Figure **D--F** represent double labelled cells.

Adherens and tight junctions
----------------------------

In saline-treated foetuses at embryonic Day 14 (8 h after injection), β-catenin immunoreactivity can be observed along the entire ventricular surface in a clear and well-defined band ([Fig. 5](#awr237-F5){ref-type="fig"}A), which reflects the presence of adherence junctions at the boundary between the brain parenchyma and the CSF. Similar to the radial progenitor\'s acetylated tubulin staining ([Fig. 4](#awr237-F4){ref-type="fig"}), a range of staining patterns was observed within both the low- and high-dose lipopolysaccharide-treated animals. In some cases, normal staining of the ventricular surface was present, which was occasionally combined with stained debris in the CSF near the ventricular surface ([Fig. 5](#awr237-F5){ref-type="fig"}B and D). Alternatively, a patchy presence of the protein along the ventricular surface could be seen, particularly in the high-dose lipopolysaccharide-treated animals ([Fig. 5](#awr237-F5){ref-type="fig"}C and D). In these animals, cellular debris within the CSF, associated with the ventricular surface, which partially stained for β-catenin, was identified. Figure 5Comparison of junctional integrity at the ventricular surface and in the cerebral microvasculature in saline- and lipopolysaccharide-treated tissue. β-catenin is a major constituent of the adherence junctions between the cells at the ventricular surface. (**A**) β-catenin immunoreactivity along the ventricular surface of an embryonic Day 14 foetus from saline-treated animals. (**B--D**) Embryonic Day 14 foetuses from low (**B**, **C**) and high (**D**) lipopolysaccharide (LPS) dose-treated animals showed a variety of β-catenin immunoreactivity, including disturbed immunoreactivity along the ventricular surface (arrowheads, **C**, **D**). β-catenin immunoreactivity of the adherens junctions in the blood vessels was not altered with treatment (**E**, **F**), nor was the immunoreactivity of the tight junction proteins occludin and claudin-5 (**G--I**). Scale bars = 50 µm.

In contrast to the staining of the ventricular surface, between saline- and lipopolysaccharide-treated animals there was no alteration in β-catenin immunoreactivity in blood vessels in this region ([Fig. 5](#awr237-F5){ref-type="fig"}E and F), nor was there an alteration in the tight junction proteins occludin ([Fig. 5](#awr237-F5){ref-type="fig"}G and H) and claudin-5 ([Fig. 5](#awr237-F5){ref-type="fig"}I and J). No occludin or claudin-5 immunoreactivity was detected at the ventricular surface in either group.

Cortical response at embryonic Day 15.5
---------------------------------------

In the cortex of foetal animals at embryonic Day 15.5, treated with lipopolysaccharide at embryonic Day 13.5, there was a residual presence of plasma proteins within the cells both within the ventricular zone ([Fig. 6](#awr237-F6){ref-type="fig"}B) and the developing cortical plate ([Fig. 6](#awr237-F6){ref-type="fig"}C) compared with saline-treated animals ([Fig. 6](#awr237-F6){ref-type="fig"}A). However, there were no gross changes in acetylated-tubulin-stained radial glia 48 h following lipopolysaccharide compared with saline injected controls, or in β-catenin immunoreactivity at the ventricular surface (data not shown). Cells undergoing mitosis, identified by pH3 immunoreactivity, were not significantly different in number between controls and animals exposed to inflammation ([Fig. 6](#awr237-F6){ref-type="fig"}D). The entire ventricular zone and subventricular zone proliferative regions were also assessed with Pax6 and Tbr2 immunoreactivity, respectively. There was no significant difference in the proportion or the position of the cortex that expressed Pax6 or Tbr2 indicating the ventricular and subventricular proliferative regions within the cortex at embryonic Day 15.5 ([Fig. 6](#awr237-F6){ref-type="fig"}E--I). Figure 6Consequences of maternal inflammation induced at embryonic Day 13.5 on the cortical plate and ventricular zone and subventricular zone proliferative zones at embryonic Day 15.5. Plasma protein immunoreactivity was found in cells of the ventricular zone (VZ) and cortical plate 48 h following maternal inflammation (**B**, **C**) but was only visible along the ventricular surface in saline-treated animals at embryonic Day 15 (**A**). No difference was observed in the number of mitotic cells (**D**) or proportions of the ventricular proliferative zone (**E**) represented by Pax6 immunoreactivity (**F**, **G**) and the Tbr2 immunoreactive subventricular zone (SVZ, **H**, **I**) at embryonic Day 15.5 following maternal lipopolysaccharide treatment compared with saline- (sal) treated controls. Scale bar = 25 μm.

Cortical layering at post-natal Day 8
-------------------------------------

Adult-like cortical laminar structure, with completed cortical migration and expression of layer-specific markers, is established from approximately post-natal Day 8 in the mouse brain. The cortical cytoarchitecture was assessed using the pan-neuronal marker NeuN and demonstrated clear cortical layering ([Fig. 7](#awr237-F7){ref-type="fig"}A and D). The majority of neurons destined for Layer V, and to some extent Layer IV, are born between embryonic Days 13 and 14.5 ([@awr237-B33]). This is the period when decreased proliferation was observed following maternal inflammation ([Fig. 1](#awr237-F1){ref-type="fig"}). We directed our examination specifically to these populations to study whether there was a longer term alteration at these later stages of development. We therefore stained with antibodies against specific neuronal markers for these layers; CTIP2 for Layer V and ROR for Layer IV. Statistically significant increases in density of labelled cells were found within both Layers V and IV following systemic maternal inflammation compared with saline-treated groups. Layer V neurons went from a density of 300 ± 26 cells/mm^2^ in control tissue to 402 ± 6 cells/mm^2^ following maternal lipopolysaccharide treatment, an increase of 33% (*P = *0.007). Layer IV had a higher number of cells per area compared with Layer V, with 1930 ± 117 cells/mm^2^ in control animals. This increased by 40% to 2728 ± 39 cells/mm^2^ in lipopolysaccharide-treated animals (*P = *0.003, [Fig. 6](#awr237-F6){ref-type="fig"}G). Figure 7Prolonged effect of maternal inflammation on cortical layering at post-natal Day 8. Animals exposed to saline or lipopolysaccharide (LPS, 10 μg/kg) at embryonic Day 13.5 of pregnancy were examined at post-natal Day 8. There was no gross change in cortical layering or thickness based on NeuN staining (**A**, **D**). An increased density of cells within Layers V (**B**, **E**) and IV (**C**, **F**), but not the position of the layers, was observed based on CTIP2 and ROR staining, respectively. Scale bar: **A--E** = 100 μm. \*\**P* \< 0.01. SP = subplate.

Discussion
==========

Maternal inflammation during foetal development has been linked to a wide variety of long-term behavioural changes associated with human neurodevelopmental disorders ([@awr237-B36]; [@awr237-B41]; [@awr237-B40]; [@awr237-B3]). The present study shows, for the first time, the immediate effect of maternal inflammation on the developing brain and may provide some clues towards the understanding of the molecular and cellular mechanisms of developmentally acquired neurological disorders. It also demonstrates that these changes lead to prolonged alterations of the cortical cytoarchitecture during post-natal life.

Neurogenesis
------------

The results of this study clearly show a short-term decrease in proliferation in the ventricular zone of the developing neocortex, that occurred within 8 h of onset of maternal inflammation ([Fig. 1](#awr237-F1){ref-type="fig"}) and has returned to control levels by the time inflammation had resolved, 48 h following maternal lipopolysaccharide injection ([Fig. 6](#awr237-F6){ref-type="fig"}D). At embryonic Day 13.5 in the mouse, the ventricular zone typically divides either symmetrically, to produce radial progenitor cells that increase the size of the proliferative pool, or to a lesser degree, asymmetrically producing either neurons that populate the cortical plate, typically Layer V ([@awr237-B1]; [@awr237-B33]) or a secondary progenitor pool in the subventricular zone ([@awr237-B21]; [@awr237-B31]; [@awr237-B37]). The type of division undertaken appears to be regulated by the length of the cell cycle, particularly the length of G1 and the switch to S1 ([@awr237-B8]) regulated by cyclin E1 ([@awr237-B34]). The angle of mitosis (vertical or horizontal during M phase) is also an indicator of the differentiation process ([@awr237-B8]). The reduction in bromodeoxyuridine labelling observed in the present study ([Fig. 2](#awr237-F2){ref-type="fig"}) indicates that, within 2 h of the maternal inflammatory response, a decreased number of cells are entering S phase, an observation that is supported by the trend towards reduced cyclin E1 expression at 8 h. The shift in the mitotic angle away from vertical ([Fig. 2](#awr237-F2){ref-type="fig"}H), along with the apparent lengthening of the G1 phase of division, suggests that along with a general reduction in proliferation, there is relatively more asymmetric division occurring in those cells still entering the cell cycle. This hypothesis is supported by the increased density of cells in Layers V and IV observed at post-natal Day 8. No change was seen in the size of the proliferating zones at embryonic Day 15 or in the density of the other cortical layers at post-natal Day 8, implying that despite the shift towards asymmetric division there is no long-term reduction in the proliferative pool. The shortening of the radial progenitor projections, shown by altered acetylated tubulin immunoreactivity ([Fig. 4](#awr237-F4){ref-type="fig"}), suggests that a migration deficit may accompany the reduced proliferation following this insult ([@awr237-B7]); however, plasma protein-positive cells appeared to migrate from the ventricular zone to the cortical plate between embryonic Days 13.5 and Day 15 ([Fig. 6](#awr237-F6){ref-type="fig"}C) and no tangible changes in layering were observed in the cortex at post-natal Day 8.

Nevertheless, it is a possibility that the increase in cell density in Layers V and IV at post-natal Day 8 ([Fig. 7](#awr237-F7){ref-type="fig"}), notwithstanding the reduction in ventricular zone proliferation at embryonic Day 14, indicates that the latter decrease is followed by a phase of overcompensation. Given that lipopolysaccharide was only administered as a single dose, it may be that evoking a more prolonged maternal inflammatory response might result in a permanent deficit in ventricular zone proliferation and consequently a subsequent reduction in cell numbers in Layers V and IV. A practical consequence of the present findings could be that early intervention to treat maternal infection might ameliorate a potentially detrimental effect on the proliferating ventricular zone and subsequent brain development, should it remain untreated. The long-term development of these cortical layers and their interactions and integration throughout the brain, following brief or prolonged maternal inflammation will require further study to fully elucidate the consequences of these changes in maternal inflammation during pregnancy. Such studies will have to be coupled with lineage analysis of cortical neurons.

Ventricular integrity
---------------------

Proliferation at the ventricular surface appears to be partially regulated by the nature of the adherens junctions at the apical end-feet of the radial progenitor cells ([@awr237-B47]). It has been shown in foetuses during the period of neurogenesis that there are membrane specializations between adjacent cells ('strap' junctions) that prevent the passage of protein from CSF to the interstitial space of the brain parenchyma ([@awr237-B16]; [@awr237-B32]). β-catenin, associated with N-cadherin, is a key molecule in the association between ependymal adherens junctions and ventricular proliferation ([@awr237-B23]). Loss of β-catenin from the anterolateral telencephalon from E10 has been associated with the loss of adherens junctions and structural integrity of the ventricular surface ([@awr237-B23]). In these FoxG1-β-catenin mutant mice, cellular debris that was derived from the damaged ventricular surface was identified in the CSF, a similar observation to that of the present study in animals exposed to the high dose of lipopolysaccharide ([Fig. 5](#awr237-F5){ref-type="fig"}). While no change in proliferation was associated with the FoxG1-β-catenin mutation ([@awr237-B23]), β-catenin has been associated with the regulation of cell division through the canonical Wnt signalling pathway ([@awr237-B52]; [@awr237-B24]), highlighting β-catenin as key in the inflammation-induced altered ventricular zone proliferation observed in the present study. The altered junctions at the ventricular surface may also contribute to the reduced proliferation observed, by allowing the penetration of plasma proteins into the brain, and thereby the radial progenitor cells, from the CSF (proteins that are specifically transported into the CSF during development; see [@awr237-B25]). Plasma proteins have been identified as cytotoxic when introduced to the adult brain ([@awr237-B38]; [@awr237-B50]), although in the present study no evidence of cell death was found during the time frame examined ([Fig. 3](#awr237-F3){ref-type="fig"}) and plasma protein-positive cells were still present within the cortex at embryonic Day 15, 48 h after induction of the inflammatory response. However, it is interesting to note that in the subventricular zone, where the vascular plexus maintained its tight junctions and integrity ([Figs 4](#awr237-F4){ref-type="fig"}B and [5](#awr237-F5){ref-type="fig"}G--J), there was less of an effect on cell proliferation than in the ventricular zone, suggesting that the presence of the plasma proteins in the ventricular zone could be contributing to the decreased proliferation.

Physiological mechanism
-----------------------

The mechanism by which maternal inflammation can affect foetal brain development remains unclear, as it has been shown that lipopolysaccharide does not cross the placental barrier ([@awr237-B2]). Inflammation during late gestation causes reduced placental perfusion ([@awr237-B18]), suggesting that hypoxia--ischaemia may contribute to the foetal pathology. An increased expression of inflammatory mediators has been observed in the placenta ([@awr237-B18]) and the foetal brain ([@awr237-B29]). In the present study, despite the comparatively low dose of lipopolysaccharide used (10 µg/kg) a maternal and placental inflammatory response was detected (Stolp *et al*., unpublished data). The foetal immune response and subsequent injury vary with gestational age and suggest that the maturation of the foetal immune response may also contribute to the variety and magnitude of neuropathologies observed in the developing brain following maternal inflammation. The brain region injured by insult at different stages of disease may be partly based on the developmental timetable of the specific structure as well as the maturity and intensity of the foetal immune response. This hypothesis is supported by the work of [@awr237-B15] showing that prepulse inhibition following maternal inflammation varies both with foetal age and inflammatory mediator. It is important to consider this possibility in the light of other neurodevelopmental disorders.

Conclusion
==========

The results of the present study show that maternal inflammation has not only an immediate consequence for the development of the foetal cortex, but also a long-term effect on cortical cytoarchitecture and structure during post-natal life. However, whether these alterations are compensated for or the cell numbers and cells types are altered permanently is currently unknown. The decreased proliferation, resulting from a reduction in the adherens junctions at the ventricular surface, and a change in differentiation following proliferation, may affect several aspects of cortical growth and connection with subcortical areas. Yet to be determined is the relative effect of inflammation on other brain areas, changes in the hippocampus and cerebellum have also been reported, as well as the cortex ([@awr237-B12], [@awr237-B14]; [@awr237-B19]; [@awr237-B29], [@awr237-B30]). It will be interesting to see in future studies how the interactions between these areas of damage contribute to the altered neurological behaviour observed.

The nature of inflammation-induced neural damage is likely to be dependent both on the stage of cortical development and the stage of development of the foetal immune system at the time of the insult. In addition, this study suggests that maternal inflammation can result in long-term behavioural changes by disrupting cortical development and suggests that the current therapy for clinical management of maternal inflammation should be further evaluated.
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